Chemical potential shift induced by double-exchange and polaronic effects in 

Nd^Sr^MnC-3 
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We have studied the chemical potential shift as a function of temperature in Ndi-^Sr^MnOs 
(NSMO) by measurements of core-level photoemission spectra. For ferromagnetic samples (a; = 
0.4 and 0.45), we observed an unusually large upward chemical potential shift with decreasing 
temperature in the low-temperature region of the ferromagnetic metallic (FM) phase. This can 
be explained by the double-exchange (DE) mechanism if the e 3 band is split by dynamical/local 
Jalm- Teller effect. The shift was suppressed near the Curie temperature (Tc), which we attribute 
to the crossover from the DE to lattice-polaron regimes. 

PACS numbers: 75.47.Lx, 75.47.Gk, 71.28.+d, 79.60.-i 



I. INTRODUCTION 

Perovskite-type manganites of the chemical formula 
Ri-xAxMiiOz (where R is a rare-earth and A is an 
alkaline-earth metal) have attracted much interest be- 
cause of their colossal magnetoresistance (CMR) 
Historically, the magnetic and transport properties of 
this kind of materials have been understood in terms of 
double-exchange (DE) interaction between the localized 
tig electrons and the itinerant e g electrons [1, H, Hj] . In 
this model, the kinetic energy gain of the holes doped 
into the e g band is maximized when the spins of the ti g 
electrons are aligned in the same direction, thereby sta- 
bilizing the ferromagnetic ground state. However, it has 
been pointed out by Millis et al. Q that the DE model is 
insufficient to explain the huge change in the resistivity 
under a magnetic field and the high resistivity above the 
Curie temperature (Tc). They have proposed a model in- 
cluding the dynamical Jahn- Teller ( JT) distortion of the 
MnOg octahedra in addition to the DE interaction and 
reproduced the experimentally observed behavior of the 
resistivity. It has also been proposed that the extraor- 
dinary enhancement of the resistivity in the manganites 
may result from the emergence of lattice polarons in the 
paramagnetic insulating (PI) phase [H, d, 0, Q • Koo et al. 
have found that lattice polarons in Ndo.7Sro.3Mn03 
are strongly suppressed by applying magnetic field and do 
not completely disappear at high fields, corresponding to 
an admixture of the "conducting" and "insulating" carri- 
ers. From x-ray scattering and neutron scattering studies 
S Hi , indeed, the diffuse scattering due to the lattice 
polarons has been observed in the high-temperature PI 
phase of manganites and gradually disappears with de- 
creasing temperature in the ferromagnetic metallic (FM) 
phase. On the other hand, several local structural studies 



have suggested that a dynamical or local JT distortion 
persists in the FM phase, too. X-ray absorption fine 
structure (EXAFS) studies have shown that the lattice 
distortion of the MnC>6 octahedra is found in the FM 
phase of Lai-^Ca^MnOs at low temperatures [T3, fill ]. 
From the pair-density function analysis of pulsed neu- 
tron diffraction data, the local JT distortion has been 
observed in the FM phase of Lai-^Sr^MnOa [Hj]. If the 
JT distortion exists in the FM phase, the degeneracy of 
the e g band may be lifted already in that phase. 

In order to obtain insight into the competition between 
the DE mechanism and the lattice-polaron effect, the 
measurement of chemical potential shift (A/i) as a func- 
tion of temperature gives much insight. According to 
the DE model, temperature-dependent chemical poten- 
tial shift occurs due to the change in the e g band width 
as schematically shown in Fig. 1 [l3| . If the e g band 
is split by JT distortion and the one-orbital DE model 
becomes relevant, the chemical potential is shifted up- 
ward for hole concentration x<0.5 with decreasing tem- 
perature and downward for x>0.5 13]. If one takes 
into account the double degeneracy of the e g orbitals 
[Fig. 1(a)], a downward shift with decreasing temper- 
ature would be expected in the FM phase for 0<x<l 
because the the up-spin band of the e g orbitals is less 
than half-filled in the Ri- x A x MnOz compounds. There- 
fore, the temperature-dependent chemical potential shift 
is sensitive to the splitting of the e g band and there- 
fore to the dynamical/local JT effect. Schulte et al. 
[H ] have investigated the change of the work function in 
Lai.2Sri.sMn203 as a function of temperature by mea- 
surements of photoemission spectra and attributed the 
change to the temperature-dependent shift of chemical 
potential. Alternatively, the chemical potential shift can 
be deduced from the shifts of photoemission spectra be- 
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FIG. 1: Schematic pictures of the temperature-dependent 
DOS due to the DE interaction in FM phase for x<0.5. (a) 
Degenerate two-orbital model; (b) One-orbital model result- 
ing from the Jahn- Teller splitting, /i, Tc and x denote the 
chemical potential, the Curie temperature and the hole con- 
centration, respectively. 



cause the binding energies of the spectra are measured 
relative to the chemical potential. We employ the latter 
method in this work. 

Ndi-^Sr^MnOs (NSMO) is a suitable system for clar- 
ifying the relationship between the DE interactions and 
the existence of lattice polarons because it shows the FM 
phase for x < 0.5 and the so-called CE-type antiferro- 
magnetic (AF) charge-ordered (CO) phase in the doping 
re gion close to the half-doping x = 0.5 as shown in Fig. 2 
[Ull5j . In this work, we study the chemical potential shift 
in NSMO as a function of temperature by measurements 
of core-level photoemission spectra. We found that the 
chemical potential shift was large in the low-temperature 
part of the FM phase as predicted by the DE model and 
dynamical/local JT effect and was suppressed at high 
temperatures near Tc- We consider that the different 
behaviors with temperature to be related to the compe- 
tition between the DE interaction and the lattice-polaron 
effect. 



II. EXPERIMENTAL 

Single crystals of NSMO (x — 0.4 and 0.45) were pre- 
pared by the floating zone method [l5[. X-ray photoe- 
mission spectroscopy measurements were performed us- 
ing the photon energies of hv — 1253.6 eV (Mg Ka). 
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FIG. 2: (Color online) Electronic phase diagram of 
Ndi_a;Sra;Mn03. PI: Paramagnetic insulating phase; CI: 
Spin-canted insulating phase; FM: Ferromagnetic metallic 
phase; FI: Ferromagnetic insulating phase; CO/OOI: Charge- 
orbital ordered insulating phase; AFM: Antiferromagnetic 
metallic phase; AFI: Antiferromagnetic insulating phase p], 

m. 



All the photoemission measurements were performed un- 
der the base pressure of ~ 10~ 10 Torr at 20-330 K. The 
samples were repeatedly scraped in situ with a diamond 
file to obtain clean surfaces. The cleanliness of the sam- 
ple surface was checked by the reduction of the shoul- 
der on the high binding energy side of the O Is core 
level. Photoelectrons were collected using a Scienta SES- 
100 electron-energy analyzer. The energy resolution was 
about 800 meV. The measured binding energies were sta- 
ble, because the gold 4/ 7 / 2 core-level spectrum did not 
changed in the measurements with the accuracy of ±10 
meV at each temperature. 



III. RESULTS AND DISCUSSION 

In Fig. 3, we have plotted the spectra of the O Is, Sr 
3d, Nd 3d and Mn 2p core levels in NSMO with x = 0.4. 
The vertical lines mark the estimated positions of the 
core levels used in the present study. We employed the 
midpoint of the low binding-energy slope for the O Is 
core level because the line shape on the higher-binding 
energy side of the O Is spectra is known to be affected 
by surface contamination or degradation. We also em- 
ployed the midpoint for the Sr 3d and Mn 2p core levels. 
As for the Nd 3d core level, 80 % of the peak height of 
the low binding-energy slope was used because the line 
shape near the midpoint on the lower-binding energy side 
slightly changed with temperature. 

Figure 4(a) shows the binding energy shift of each 
core level as a function of temperature for NSMO with 
x = 0.4. One can see that the observed binding energy 
shifts with temperature were approximately common to 
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FIG. 3: (Color online) Core-level photoemission spectra of 
Ndo. 6 Sro.4Mn0 3 taken with the Mg Ka line, (a) O Is; (b) Sr 
3d; (c) Nd 3d; (d) Mn 2p. 



the O Is, Sr 3d, Nd 3d and Mn 2p core levels. From 
the measurements of the doping-dependent chemical po- 
tential shift in Pi'i_ x Caj;Mn03, all the core levels have 
shown identical shifts with hole concentration except for 
the Mn 2p core level, where the effect of chemical shift is 
superimposed [1 €31 ] - Here, all the core levels including the 
Mn 2p core level exhibit similar shifts with temperature 
in contrast to the measurements of doping-dependent 
core-level shifts [l6| . Therefore, we assume that the shifts 
of the core levels are largely due to the chemical potential 
shift, and take the average of the shifts of the four core 
levels as a measure of A/i as a function of temperature 
in NSMO. 

Figure 4 (b) shows the temperature-dependent chem- 
ical potential shift in NSMO with x = 0.4. We ob- 
served a large upward chemical potential shift with de- 
creasing temperature in the FM phase of NSMO at low 
temperatures. Furukawa [l3[ proposed an anomalous 
temperature-dependent chemical potential shift below 
Tq due to the DE interaction through the change of the 
e g band width with temperature. He also predicted that 
the magnitude of the shift was estimated to be about 0.1 
eV when the e g band width was of order ~ 1 eV [l3j . 
If the e g band remains degenerate in the FM phase of 
NSMO, one would expect to see a downward chemical 
potential shift with decreasing temperature based on the 
DE interaction because the up-spin band of the e g or- 
bitals is less than half-filled for 0<x<l. On the other 
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FIG. 4: (Color online) Core-level shifts and chemical poten- 
tial shift in Ndo.6Sro.4Mn03. (a) Binding energy shifts of the 
O Is, Sr 3d, Nd 3d, and Mn 2p core levels as functions of tem- 
perature relative to 290 K; (b) Chemical potential shift Afi 
as a function of temperature. Tc denotes Curie temperature. 



hand, if the degeneracy of the e g band is lifted by the 
dynamical/local JT distortion, the upward chemical po- 
tential shift with decreasing temperature is predicted be- 
cause the band is more than half filled for x<0.5 (see 
Fig. 1). Therefore, we attribute the large upward shift 
of the chemical potential with decreasing temperature in 
the low-temperature FM phase of NSMO to the change 
in the width of the JT-split e g band caused by the DE 
mechanism. The magnitude of the observed shift is in 
quantitative agreement with the results of the one-orbital 
DE model [lj 

We consider that the temperature-dependent split- 
ting of the e g band may also influence the temperature- 
dependent chemical potential shift in the FM phase of 
NSMO because the intensity of the diffuse scattering due 
to JT effect gradually increases with increasing temper- 
ature in the FM phase, which indicates further increase 
of the energy splitting of the e g level @, 0, @| ■ If this is 
the case, the temperature-dependent shift would be even 
stronger at higher temperatures for the one-orbital case 
and the suppression of chemical potential shift in NSMO 
within the FM phase near Tc cannot be explained. At 
high temperatures near Tq in the PI phase, the diffuse 
scattering due to the formation of lattice polarons has 
been observed by means of x-ray scattering and neutron 
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FIG. 5: (Color online) Comparison of the chemical potential 
shift in Ndi-^Sr^MnOa (x = 0.4) with the shifts of the 
O Is core level (in the process of increasing temperature) and 
the valence band of Lai-xSr^MnOa (x = 0.2, 0.3 and 0.4 with 
T c « 310, 370, and 370 K, respectively) US [3, A/i for the 
bilayered system La2-2iSri+2iMn207 (x = 0.4 with Tc ~ 
125 K) [3 and correlated hopping model of Mn 3+ /Mn 4+ 
mixed-valence state. The spectral shifts have been translated 
to the chemical potential shift, assuming that the spectral 
shifts are primarily close to the chemical potential shift. 



scattering studies [1, 0, @] • We consider that the suppres- 
sion of the shift in the FM phase at high temperatures is 
connected with the influence of the lattice polarons and 
the DE model is no more effective at those high temper- 
atures. 

In Fig. 5, we compare Afi for NSMO (x = 0.4) 
with the shifts of the O Is core level (in the pro- 
cess of increasing temperature) and the valence band of 
Lai_ x Sr x Mii03 (x = 0.2, 0.3 and 0.4), A/i for bilayered 
system Laa^xSri-j^M^Oy (x — 0.4) and correlated 
hopping model of Mn 3+ /Mn 4+ mixed- valence state as a 
function of temperature 0, ES El, LjJ, ES EH . We con- 
sider that the temperature-dependent shifts of the Ols 
core level and the valence band for Lai-zSr^MnOa are as- 
cribed to the temperature-dependent change in A/x. For 
NSMO and Lai-^Sr^MnOs, the A/j, curves show similar 
temperature dependences in the sense that the chemical 
potential is shifted upward with decreasing temperature. 
We consider that the shifts are understood in terms of 
the DE interaction (and possibly the temperature depen- 
dence of the splitting of the eg band caused by the dy- 
namical/local JT effect) [1, H EH • An upward chemical 
potential shift by applying magnetic field has also been 
observed in Lai_ x Sr x Mn03, which may be ascribed to 

However, 



the DE interaction in the JT split e g band [ 
the A/i for the bilayered compound La2-2a;Sri + 2 a: Mn207 
reported by Schulte et al. [14| is opposite to the pre- 
diction of the DE model. They speculated that the two 
dimensionality might affect the temperature-dependent 
chemical potential shift, but its origin remains as an open 
question. 



FIG. 6: Chemical potential shift in Ndo.55Sr .45Mn0 3 . Tc 
denotes Curie temperature. 



Also, we have compared the experimentally observed 
shifts with the results of the correlated hopping model in 
the splitting of the e„band due to the dynamical/local 
JT distortion (l9l [20l.T2l|. The correlated hopping model 
is given by A/i = — &b hi(^Yrj) x T + const., where 

33 and g± are the spin-orbital degeneracies of Mn 3+ and 
Mn 4+ , resp ectively and x is the fraction of Mn 4+ ions 
[l9|, EO, Ell • The parameters were fixed at g 3 = 5, 54 = 4 
and x — 0.4, corresponding to the Mn 3+ /Mn 4+ mixed- 
valence state in the split of the e g band. We have plotted 
the calculated A/i as shown by a dashed line in Fig. 5 
[l9l I20I EH • The result is in qualitative agreement with 
the observed chemical potential shift in high-temperature 
region of NSMO with x = 0.4. 

For other hole concentrations of NSMO, too, we con- 
firmed that the observed temperature-dependent shifts 
were common to the O Is, Sr 3d, Nd 3d and Mn 2p core 
levels and deduced the temperature-dependent chemical 
potential shifts by taking the average of the shifts of the 
four core levels. Figure 6 shows the Afj, for NSMO with 
x = 0.45 as a function of temperature. The shift A/z was 
suppressed just below the Tc as in the case of x = 0.4, 
in accordance with the enhancement of the diffuse scat- 
tering due to the lattice polarons [a, III, la] • We attribute 
the shift in the low-temperature region of the FM phase 
for x = 0.45 to the DE interaction (and the tempera- 
ture dependence of the splitting of the e g band due to 
the dynamical/local JT effect) as in the case of x = 0.4. 
d) S B EH- The magnitude of the observed shift for 
x = 0.45 is smaller than that for x — 0.4, consistent with 
the one-orbital DE model resulting from the JT splitting 
[see Fig. 1(b)]. 



IV. CONCLUSION 

We have measured the chemical potential shift as a 
function of temperature in NSMO by means of core-level 
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photoemission spectroscopy. We have found an anoma- 
lous upward chemical potential shift with decreasing tem- 
perature in the low-temperature region of the FM phase 
and its suppression in the high-temperature region of the 
FM phase near Tc- We attribute the large shift in the 
low-temperature region to the change of band width due 
to the DE interaction (and possibly the temperature de- 
pendence of the splitting of the e g level caused by the 
dynamical/local JT effect.) Also, the suppression of the 
shift at higher temperatures is ascribed to the influence 
of lattice-polaron formation. 
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